The nickel catalysts derived from Cr-doped LaNiO 3 perovskite-like precursors were characterized using XRD, HRTEM, TPO, TPR and XPS and their catalytic performance in CO 2 reforming of methane under microwave irradiation was investigated. It was found that the structure and morphology of the oxide composites in this research were influenced by the ratio of Ni and Cr and the mismatch of La 3+ , Ni 3+ and Cr 3+ may cause the phase segregation. The catalytic performance of the Ni catalysts is dependent upon the oxygen mobility of perovskite oxide matrix, the content of the reduced Ni 0 and the content of the remaining perovskite structure. The mobile oxygen in the perovskite matrix in the catalyst may enhance the conversion of CO 2 during the reaction. Keywords: Dry reforming, microwave irradiation, nickel, oxygen mobility, perovskite
Introduction
Carbon dioxide reforming of methane (dry reforming) has been attracting considerable attention for generating synthesis gas by transforming cheap two undesirable greenhouse gases, methane and carbon dioxide. The stoichiometric ratio of H 2 /CO (1:1) in the produced synthesis gas in this process makes it to be an ideal feedstock for the further chemical process Fischer-Tropsch synthesis for producing high valuable liquid fuels [1−7] .
Although the most active catalysts for dry reforming of methane (DRM) are noble metals (Rh, Ru, Pd and Pt) [8, 9] , their scarcity and high cost exclude them in industrial scale use. Nickel has been proved suitable to replace noble metals due to its comparative catalytic performance and low cost [10] [11] [12] [13] . However, it is severely limited by suffering from the quick deactivation from the formation of the unreactive carbons deposited on the catalyst surface [14, 15] . Up to now, different approaches are practised on suppressing, reducing and even removing the deposited carbons from catalyst surface. Promising strategies to address these challenges include (i) doping a small amount of promoters into Ni catalysts [6, [16] [17] [18] , (ii) generating nano-sized Ni particles by strengthening the interaction between Ni particles and the carrier [1, 2, 7] , and (iii) improving the particles dispersion on the carrier [6, 7, 19] .
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Among them an attractive option is to take advantage of the ABO 3 perovskite-like structure oxides as the catalyst precursor for obtaining the highly dispersed Ni particles embedded in the oxide matrix under the reaction conditions as a result of the precursor reduction [19] [20] [21] [22] . In an ABO 3 structure where 'A' and 'B' are two cations of very different sizes and O is an anion that bonds to both, the 'A' atoms are larger than the 'B' atoms and A ion can be rare-earth or alkaline-earth metal, such as La, Ca, Sr, Ce and Pr that fits in to the dodecahedral site of the framework and the B ion is transition metal ions such as Fe, Co, Cr and Ni which occupy the octahedral sites [20] [21] [22] . Therefore, the advantage for employing a perovskite structure as the catalyst precursor is that the structural and thermal stability as well as the catalytic activity can be adjusted by the substitution with various cations on A and/or B sites. The high dispersion of Ni particles prepared from a LaNiO 3 perovskite precursor has been obtained to demonstrate a high activity and stability owing to the participation of mobile oxygen of the oxide matrix in the reaction thus preventing the catalyst coking during DRM [20, 21] .
Microwave energy is cost-effective in comparison with the conventional heating systems [3, [23] [24] [25] . It can heat some certain catalysts directly and uniformly throughout their volume instead of through its outer surface in conventional heating system. It has been increasingly used for the growth of carbon materials [15, 25, 26 ], but only a few studies have adopted it for syngas production [3, 4] . The results in publication and in our lab have illustrated that the combination of microwave heating and Ni catalysts can give rise to conversions of both CO 2 and CH 4 in DRM [4, 27] . LaNiO 3 is a strong microwave receptor, and can be effectively heated under microwave irradiation [28, 29] . In this investigation, to further improve the stability of high-dispersed Ni particles, Cr-doped LaNiO 3 perovskite-like structure was employed as the catalyst precursor in which Ni will be substituted with Cr 3+ in Ni 3+ sites partially (B sites in ABO 3 ) and the influence of the doping amount of Cr on the performance of the catalyst under microwave irradiation was investigated. The reason of selecting Cr as the dopant/promoter is because i) LaCrO 3 shows great stability for applications involving high temperature [30] , ii) The size of Cr 3+ (0.615 Å) is similar as that of Ni 3+ (0.60 Å) and hence the doping of Cr may not cause a big distortion of the perovskite structure [31] , and iii) LaCrO 3 is a good microwave energy absorber and the incorporation of Cr will not affect the absorption of microwave energy of the catalyst system [32] . 
Experimental

Materials
Synthesis of mixed oxide composites with different structures
We in this study developed a urea-based co-precipitation method to synthesize a number of LaCr 1-
x Ni x O 3-δ where x = 0.1, 0.4 and 0.7, and the relevant products were respectively denoted as LCN-1, LCN-4 and LCN-7 ( 
Characterization of structures
The structure phase of LCNs was determined by X-ray diffraction (XRD) in a Bruker Advanced X-ray diffractometer using nickel-filtered Cu Kα X-ray source radiation. Le Bail and Rietveld refinements on the XRD patterns were conducted using DIFFRAC plus Topas 4.2 software. The high resolution transmission electron microscopy (HRTEM) was recorded on a JEOL 2100 microscope operated at 200 kV. X-ray photoelectron (XPS) spectra were acquired on a Kratos Axis ULTRA X-ray photoelectron spectrometer.
Temperature-programmed desorption (TPD) of O 2 on the catalysts was studied on a BELCAT (BEL Japan, INC) and the oxygen signal was monitored by a BELMASS mass spectrometer in Ar flow while heating from 50 to 850 °C at a rate of 10 °C/min. The reducibility of catalysts was studied by hydrogen temperature programmed reduction (H 2 -TPR) employing the above BELCAT and the specie signal s of hydrogen and water were monitored by the above mass spectrometer. In each TPR, the samples (50 mg) were placed at the bottom of a U-shaped quartz and was heated in 5 vol.%H 2 /Ar of 50 ml/min at a heating rate of 10 °C/min from 50 to 850 °C. The hydrogen consumption was monitored by mass spectrometer. Before the H 2 -TPR analysis, the samples were heated for 60 min in Ar flow at 100 °C.
The in situ CH 4 -CO 2 temperature-programmed reaction was investigated on BELCAT. It was performed on 20 mg of LCN-1 or LCN-4 in 10%CH 4 /10%CO 2 in N 2 (50 ml/min) at a heating rate of 5 °C/min from 50 to 850 °C. The above mass spectrometer was employed to monitor the masses of interest. The different mass fragments were recorded as a function of temperature to monitor the reaction products i.e. methane (m/e 16 and 15), CO 2 (m/e 44), water (m/e 18 and 17), H 2 (m/e 2) and CO (m/e 28). CO has a major peak at m/e 28 which unfortunately overlaps with N 2 , and so CO and N 2 cannot be distinguished herein.
Effect of structure on catalytic activity
The catalytic activity measurements were carried out under atmospheric pressure using a microwave reactor (SAIREM) consisting of a reaction chamber and microwave transparent walls. The output power of the microwave generator could be changed continuously from 0 to 2000 W at a fixed frequency of 2.45 GHz [4] . After 300 mg of catalyst was loaded into the chamber, it was pumped down for about 1 h. The chamber is connected to a vacuum system with typical base pressure of ~10 -2 Torr maintain by a rotary vacuum pump. Once the pressure was stable, H 2 gas (15 ml/min) was introduced into the chamber, and then the microwave power increased to 120 W and maintained for 30 min to remove the surface oxide layer from the catalyst. After the chamber was purged with argon gas for ~ 45 min, the reactant gases were introduced into the system. A feed with a constant CH 4 /CO 2 molar ratio of 1:1 was used throughout the experiments. The initial activity tests of the catalysts were investigated in the range of 400-600 W using steps of 50 W, while the stability test was carried out at a constant microwave power of 600 W for 30 h time-on-stream (TOS) with a gas flow rate of 85 mL/min.
The product composition was analyzed using an on-line gas chromatograph equipped with a Porapak Q column and a thermal conductivity detector (TCD). During the course of investigation, a number of runs were repeated to check for reproducibility in the experimental results. Typical errors were in the range of ±2%. The conversions of CH 4 and CO 2 were calculated by means of the following equations:
(1)
Where (CH 4 ) out , (H 2 ) out , (CO 2 ) out and (CO) out are the concentrations of CH 4 , H 2 , CO 2 and CO as the effluent gas, respectively.
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Results and discussion
Structure of perovskite precursors
Fig . 1 shows the XRD profiles of the perovskite precursors of the three samples. The formation of perovskite can be found. It is known that the size mismatch between A and B sites in perovskite structure can create a certain level of internal stress causing lattice distortion [31] . The distortion/internal stress in this study may also be created by partially replacing smaller Ni 3+ with Cr 3+ ions and was expected to transform the crystal structure of LaCr 1-x Ni x O 3-δ (LCNs) from either orthorhombic phase to rhombohedral phase or a possible formation of the two phases, as to be discussed below in details.
Microstructure analysis
Figs. 1a-c show the structural identification of LCNs composites including LCN-1, LCN-4 and LCN-7 whose crystal structures were deduced using the standard Rietveld techniques ( The size mismatch between the Ni 3+ and Cr 3+ in B sites was expected to affect the microstructure. Fig.  2a demonstrates a high yield of nanowires of 10-15 µm in length while a single flower-like LCN-1 crystal contains a core extended by a few branches arranged in a pillared structure. In Fig. 2b , the 3-phase composite LCN-4 exhibits egg-like morphology. But LCN-7 shows agglomerates consisting of interconnected nanoparticles (Fig. 2c) . Fig. 2d shows the layered structure of LCN-1 with different width (4-24 nm). The egg-like morphology of LCN-4 is confirmed by HRTEM micrographs (Fig. 2e) , while the interconnected nanoparticles of LCN-7 (20−100 nm) are clearly seen in Figure 2f . These distinct variations in the morphology of the samples should be caused by the evolution of the substitution of Cr for Ni. Totally, it can be seen that the ratio of Cr/Ni can impact the morphology of the catalyst samples clearly.
Structure for oxygen mobility
Structural defects always occur in perovskites due to deficiencies in the cations of A or B, which influences the oxygen mobility and the catalytic properties. We investigated the evolution of the oxygen of LCNs by employing temperature-programmed desorption (TPD) of O 2 monitored with a mass spectrometer. Fig. 3a presents the O 2 -TPD spectra (m/e = 32) from LCN-1, LCN-4 and LCN-7, where various oxygen desorption processes can be observed. On LCN-1, the oxygen desorption process can be divided into three stages. The first one is very slow and flat from 460 to 600 °C and the second one is a small desorption peak with the temperature range of 600−650 °C and a maximum value at 625 °C and the third one is a big peak in the range from 650 to above 850 °C. On LCN-4, four oxygen desorption stages are identified. The first one is a low shoulder peak from 430 to 575 °C and the second one is a small peak from 575 to 660 °C with a maximum value at 618 °C and Chemical Engineering & Technology This article is protected by copyright. All rights reserved. the third one is a big peak from 660 to 800 °C with a maximum value at 765 °C and the fourth one is from 805 to above 850 °C. On LCN-7, the oxygen desorption can be divided into two stages. The first one is a very slow process from 465 to 745 °C and the second one is a small peak from 745 to 810 °C with a maximum value at 795 °C.
According to the literatrue [33] [34] [35] , the first two stages in low temperature range of oxygen desorption on LCN-1 and LCN-4, which are small with broadened shape, are commonly assigned to two kinds of oxygen species with different bonding strength present on the surface of perovskitetype materials and the third large desorption stage at high temperature represents evolution of lattice oxygen. The former are attributed to the desorption of oxygen weakly chemisorbed on the surface [33, 34] and the latter is related to the reduction of B cations (Ni) to lower oxidation state in ABO 3 structure [33, 35] . The foruth desorption process above 800 °C on LCN-4 may be attributed to the oxygen in the deep bulk of perovskite lattice. The oxygen desorption process from 465-745 °C on LCN-7 is in the range of surface adsorbed oxygen of perovskite lattice and the oxygen desorption above 745 °C is attributed to the oxygen of the bulk perovskite lattice as described as above. It is accepted that charge compensation is required and the increase of the amount of released oxygen from the surface of the perovskite materials is caused when the substitution of A or B sites are partially substituted with an ion of different oxidation state [33] [34] [35] [36] . In the case of the substitution of Cr for Ni, electroneutrality at the presence of Cr 6+ (showed by XPS results of LCN-1 and LCN-4 in 3.1.4) can be achieved either by chemisorption of more oxygen or by shift of Ni 3+ to lower oxidation state Ni 2+ , which can cause the increase of the amount of the desorption oxygen in low temperature range [33, 34, 36] . The simualtion of the above XRD results has suggested the presence of NiO in the three perovsite precursors (Table 1 and Fig. 1) . Therefore, the oxygen desorption signals of LCN-4 is more pronounced than those of LCN-7. For LCN-1, in which 90 % of Ni was substitued with Cr, the amount of the desorption oxygen is decreased due to too high doping amount of Cr. It should be specified that the contribution from the desorption of the oxygen from the segregated NiO identified by XRD on the three samples can be neglected by comparison with that from the perovskite materials [33, 35, 37] .
Therefore, based on the oxygen desorption results of the materials, it can be seen that the perovskite matrix in LCN-4 possesses the highest oxygen mobility (low desorption temperature and high desorption amount) than that in LCN-1 and in LCN-7.
Structure for reducibility
The H 2 -TPR represents the reducibility of the catalysts -an ability to liberate oxygen by reaction with H 2 [38] . Figs. 3b-d reveal the H 2 -TPR profiles of LCN-1, LCN-4 and LCN-7. A mass spectrometer was employed to accurately determine the consumed H 2 only (m/e = 2) with no influence of other desorbed products such water (m/e = 18). On LCN-1 (Fig. 3b) , there is a very small hydrogen consumption peak with a maximum at 250 °C and a big peak with a maximum at 495 °C. Fig. 3c reveals on LCN-4 the first of H 2 consumption peak with a maximum at 274 °C and the second peak with a maximum value at 446°C. On LCN-7 (Fig. 3d) , the first hydrogen consumption process is very slow from 150 to 240 °C, and the second hydrogen consumption process is a big TPR peak with the maximum at 515 °C. On the three samples, the first hydrogen consumption process is assigned to the reduction of Ni 3+ to Ni 2+ and the second one belongs to that of Ni 2+ to Ni 0 in perovskite and the segregated NiO phases because Cr 3+ and La 3+ are both difficult to be reduced under these conditions and the amount of Cr 6+ can be neglected [18, 39] . The biggest TPR peak for the reduction of Ni 3+ to Ni 2+ and the lowest reduction temperature of Ni 2+ to Ni 0 of LCN-4 indicates the most available oxygen in the low temperature range for a rapid migration of the lattice oxygen from the bulk to the surface among three samples and hence LCN-4 shows the strongest migration mobility of lattice oxygen among three samples, then LCN-1 and LCN-7, which is consistent with O 2 -TPD analysis (Fig. 3a) .
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Structure regarding chemical bonding states
The chemical bonding states of elements were examined by XPS. Fig. 4 shows the core level spectra for Cr 2p, O 1s and Fig. 5 shows those of Ni 2p 3/2 in the reduced LCN-1, LCN-4 and LCN-7. In Fig. 4a (Fig. 4b) , which can be deconvoluted into two peaks. In the three samples, two oxygen peaks were observed at 529.0 and 531. 5 
Impact of the structure on CO 2 reforming of methane
We investigated the catalytic activity of LCNs composite catalysts (structures shown in Table 1 ) in DRM under microwave irradiation (Fig. 6) .
DRM is an endothermic reaction and requires high temperatures (>700°C) for achieving industrially relevant conversions (Eq. (3)).
Since the microwave absorption ability are different from each samples, the dependence of temperature on the catalyst surface on the microwave heating power were measured during the reaction using an infrared temperature sensor attached to the microwave reactor (Table 2) .
Figs. 6a and b reveal that the conversions follow the order LCN-4  LCN-1  LCN-7. Fig. 6a shows that LCN-4 exhibits ~73% higher methane conversion at 550 W than LCN-1, while the least performance is observed on LCN-7. Also, the coversion of pure LaCrO 3 was less than 4 % even at 600 W. All samples exhibit high CO/H 2 molar ratios (1.2−1.6) due to the reducing of the H 2 formation rate for water formation [42] . To compare their performance under the same temperature of the catalyst, CH 4 conversions of the LCN catalysts at 820 and 960 °C were compared and follow the same order: LCN-7 < LCN-1 < LCN-4 ( Fig. 6c) , similar to the conversion rates at different microwave power (Figs. 6a and  b) . It can be found that the order of the activity of LCNs is consistent with the oxygen mobility of the lattice (Figs. 3 and 4) . Additionally, the content of Ni 0 indicates the possibly available amount of Ni 0 in the catalyst during DRM. From the above XPS results, it has been found that the order of the content of Ni 0 in the three reduced catalysts is LCN-4 LCN-1  LCN-7, which indicates that the most Ni 0 is available in LCN-4, then LCN-1 and LCN-7. It should be pointed out that according to the above results and discussion, all the Ni 0 have the strong interaction with the remaining perovskite structure whether they are reduced from the segregated NiO phase or perovskite phases. Therefore, the activity of LCNs may be dependent on the oxygen mobility and the content of Ni 0 in the catalysts.
Since it is vital for these catalysts to remain stable during the reforming reaction, their long-term stability was investigated. Fig. 6d presents the long-term stability of LCNs conducted for a time-onstream (TOS) of 30 h. A gradual decline in CH 4 conversion is seen for all LCNs during the first 7 h, but LCN-4 and LCN-1 demonstrate respectively stable conversion rates of ~67% and ~46% after 8 h. From the XPS results, it has been known that LCN-4 has higher content of perovskite structure and higher Chemical Engineering & Technology This article is protected by copyright. All rights reserved.
oxygen mobility than LCN-1, which indicates more oxygen possessing higher mobility in the oxide matrix of LCN-4, preventing the sintering of the highly-dispersed Ni particles at high reaction temperature of DRM. Therefore, LCN-4 shows the higher stability of the Ni particles than that of LCN-1, as illustrated as Fig. 6d . We thus conclude that the catalytic performance of LCNs in DRM is dependent on the oxygen mobility of composite oxide matrix, the content of the reduced Ni 0 and the content of the remaining perovskite structure.
Mechanisms
In this study, DRM under microwave irradiation is produced via a selective heating mechanism; since the absorption of microwave radiation solely depends on the properties of the target materials [3] . We systematically analyzed the possible mechanisms of DRM on LaCr 1-x Ni x O 3-δ perovskite catalysts (LCN-1 and LCN-4) by investigating the in situ CH 4 /CO 2 temperature programmed reaction (CH 4 /CO 2 TPR).
During microwave-induced DRM, carbonaceous materials are formed via CH 4 cracking (Eq. (4)) and Boudouard reaction (Eq. (5)), together with other reactions such as CO 2 activation (Eq. (6)) and CO 2 gasification of carbon species (Eq. (7)) [42] . CO 2 provides O* and CO upon activation on the active sites (Eq. (6)), while CH 4 provides H* and * x CH (Eq. (8)). If a significant quantity of oxygen atom is available, the carbon could convert into CO (Eq. (9)) and the surface H* from the CH 4 
Figs. 7a and b reveals that the in situ CH 4 /CO 2 TPR proceeds. It can be seen that the dependence of signal intensity of the related species (water, H 2 , CH 4 and CO 2 ) upon temperature on LCN-1 are similar with that on LCN-4, indicating that the reaction mechanism on LCN-1 is the same as that on LCN-4. However, on LCN-1, CH 4 activation (Eq. (4) and (8)) CO 2 dissociation (Eq. (6) occur from 470 °C (Figure 7a ), which is suggested by the formation of carbon species (C*), CO, H 2 and H 2 O, while those take place on LCN-4 from 447 °C meaning that LCN-4 is more active than LCN-1, which is consistent with the above results in Figs. 6a−c. Additionally, it can be seen that below 700 °C a much faster rate of CO 2 dissociation on both LCN-1 and LCN-4 than that of CH 4 pyrolysis, suggesting a higher formation rate of CO* and O* (Eq. (6) and (7)). The faster dissociation of CO 2 indicates i) a higher conversion of CO 2 ( Fig. 6a and b) ; ii) a high oxygen mobility on the surface of LCN-1 and LCN-4 (Eq. (6)); iii) a ratio of CO/H 2 higher than 1.0; iv) the formation of H 2 O (Eq. (10)); v) a low formation rate of coke (Eq. (5), (7) and (9)). At temperatures higher than 700 °C, both CH 4 activation and CO 2 dissociation proceed at almost the same rate, leading to a faster increase in H 2 formation than that in H 2 O formation. Therefore, it can be deduced from this result that the oxygen mobility takes an important role in enhancing the conversion of the reactants and the reaction stability by prohibiting the formation of coke on this type of catalysts.
Conclusion
The structure of Ni catalysts derived from Cr-doped LaNiO 3 (LCNs) perovskite-like structure were influenced by the ratio of Ni 3+ and Cr 3+ . The mismatch of La 3+ , Ni 3+ and Cr 3+ causes the phase segregation of the composite oxides. The catalytic performance of the Ni catalysts in DRM under microwave irradiation is dependent on the oxygen mobility of composite oxide matrix, the content of the reduced Ni 0 and the content of the perovskite structure. The oxygen mobility in the oxygen matrix of LCNs can enhance the conversion of CO 2 . LCN-4, which has a Cr/Ni atomic ratio of 0.6/0.4 and possesses the highest content of both Ni metal and perovskite matrix among LCNs, exhibited the highest methane and CO 2 conversion rate and demonstrated a long-term stability of ~67% on methane conversion for a time-on-stream of 30 h. Chemical Engineering & Technology This article is protected by copyright. All rights reserved. Tables   Table 1 Refined This article is protected by copyright. All rights reserved. 
